Characteristic cracks occur at prestressed bridge girder ends during prestress release due to the transfer of the prestress force to the concrete. This research investigated the quantitative and qualitative impact of strand debonding on cracking through nonlinear finite element analysis (FEA) and plant observations. The analysis included plastic behavior of concrete and stress redistribution after tension induced cracking.
INTRODUCTION
The prestress transfer from the steel strands to concrete, at the ends of prestressed precast concrete girders, creates a region of stress concentration often resulting in formation of cracks during detensioning. While end cracking has been observed in pretensioned bridge girders for over fifty years 1 , the cracks appear to be more severe for recently developed heavily prestressed deep wide flanged I girders or bulb tees.
The priority of this study is in determining how to control the size and extent of these cracks in bridge girders, particularly those that might lead to long term severe durability concerns. The durability concerns rise due to the possibility of cracks forming paths for water and de-icing agents to seep into the concrete in the end bearing region. This problem could be structurally hazardous for cracks in the bottom flange, if the corrosion agents reach and flow along the prestressing strands.
Various methods for crack control have been explored. The most common method currently used is placement of steel reinforcing bars in the region that is expected to crack. This has been shown to be effective in controlling crack size, but not in eliminating cracking 2 .
Reducing the number of draped strands or changing the order in which the strands were cut have also been considered. These traditional methods only achieved limited success. Debonding strands is proven to be the most beneficial solution for all crack types 3 and is the focus of this paper.
RESEARCH SIGNIFICANCE
Some designers already utilize debonding and observe some control over the girder end cracks. That practice, however, is based solely on experience. Due to the lack of guidance, the pattern of the strands selected for debonding seems to be based on practicality in fabrication.
Information on the amount and pattern of debonding required to achieve crack control is lacking in the literature. This paper aims to fill some of this gap in prestressed concrete girder design by making recommendations on the relative number of strands to be debonded and their pattern. The effectiveness of crack control techniques is measured using FEA with inelastic modeling of the cracking concrete. The actual methods for the FEA modeling have been described previously 3, 4 .
The FEA models were judged by comparison with observed and measured girder behavior. After the FEA was verified, crack control through debonding is examined. Recommendations are provided for improved design of the end zones for prestressed bridge girders.
CRACKING AND CURRENT CONTROL METHODS

Types of Cracks
Recent bulb tee sections, with heavily prestressed bottom flanges and thin webs, exhibit characteristic cracking patterns as seen in Figure 1 . It should be noted that the girders shown and investigated were designed per AASHTO LRFD Bridge Design Specifications 5 with special reinforcing in the end zone and still exhibited end cracking.
Based on the orientation and location of the cracks recorded from field observations, the cracks are categorized into groups. The most important cracks addressed in this study are inclined cracks, horizontal web cracks and bottom flange "Y" cracks. These cracks are marked on the cross section and side of a girder end shown in Figure 1 . Other cracks have also been observed to form on girders studied by other researchers, such as vertical cracks in the bottom flange due to restraint during detensioning 6 , but will not be examined here as none of the girders investigated in this study exhibit such cracks.
Inclined cracks:
The inclined cracks typically form close to and along draped strands.
These cracks are often the longest (>36in, 914mm) detectable end cracks in length as shown in Figure 1 . Since they run along the draped strands they may form paths for corrosive liquids to reach the strands and affect the girder durability and end shear capacity.
Horizontal web cracks:
The horizontal web cracks start at the very girder end and propagate horizontally into the web as shown in Figure 1 . They appear most often near middepth of the girder. Horizontal web cracks are not close to strands and it is likely that these cracks will close as additional dead load is applied to the girders. From a durability point of view these cracks may be easier to tolerate.
Y cracks: Shown in Figure 1 , these large cracks (>0.01in, 0.25mm) in the bottom flange resemble a Y or T shape when viewed from the end of the girder. They form at the junction of the bottom flange and web, but then continue with a vertical trace through the bottom flange. The Y crack may be the most hazardous crack for bridge safety. Due to the location over the end bearing and size, the Y crack can potentially form a path for salt water to reach the strands. If water reaches the strand, it can move along the strand, lead to corrosion and affect structural capacity -particularly shear capacity near the girder end.
Current Control Methods
Previous research on girder end cracking provided general insights on the girder end behavior, and presented girder end design and crack control methods. The research, not exclusive to the debonding solution, utilized empirical methods [6] [7] [8] [9] [10] , strut and tie methods [11] [12] [13] . AASHTO also requires reinforcement to confine the prestressing steel at the ends. Reinforcement requirements of the AASHTO standards in some cases lead to high reinforcing bar areas and difficulty in fitting the bars into the slender beam webs and flanges.
Visible girder end cracks still form despite this reinforcement.
The previous analytical studies have limitations mainly because they either assume that the material behavior is either linear elastic under service loads or that it is at a condition near failure under strength loads. The aforementioned FEA models 16 attempted to solve cracking problems when the concrete is elastic and uncracked. Therefore, they provide only an approximation of the general behavior and do not simulate the post cracking behavior of concrete. Other analytical studies assume the member is near the failure condition with completely nonlinear material behavior. The strut and tie methods 11, 12 provide a lower bound estimate of the strength capacity, but have been used in a form applicable only as the material reaches failure.
These methods, assuming elasticity or only the failure condition, are both lacking for the case at hand since the cracked concrete is inelastic but the material is not near the failure condition. A nonlinear analysis including the inelastic behavior of concrete and the stress redistribution after cracking could solve some of the aforementioned analysis shortcomings and is possible using FEA. Finite element analyses are also very suitable for parametric studies and can provide the full strain field near the girder end. . A very brief outline of just the capabilities of the FEA that are critical to accurate modeling is as follows.
THE FEA METHOD
FEA Model Features
The response of the prestress girder ends is inelastic due to concrete cracking and therefore simulating the concrete plastic properties is critical. For analysis efficiency, nonlinear material properties were only used for the disturbed concrete region close to the girder end extending inward a distance equal to the depth of the girder. Concrete after this distance is expected to behave linearly as this region was witnessed to be virtually crack free in examined girders, is beyond the prestress transfer zone as suggested by AASHTO and St. Venant's theory supposes that the disturbed region would only extend a distance equal to the depth of the member. The region away from the girder end was therefore modeled with a linear stress strain relationship. . The specific equations to define the properties of concrete and the details of the material model are provided in detail elsewhere 3, 4 .
The tensile properties of concrete were defined in two phases: the linear elastic stress strain relationship before cracking and a stress-crack opening relationship after cracking.
Although the cracks are not explicitly modeled, the stiffness loss of concrete elements upon cracking was modeled through strain softening of concrete in tension. Principal concrete tensile strains that exceed the theoretical cracking limit are used as an indication of crack development.
Actual crack widths are proportional to predicted element strain amplitudes.
The concrete was modeled with three dimensional first order tetrahedral and triangular prism elements. First order space truss elements were used to simulate rebar. Steel rebars were modeled as linear elastic since preliminary analyses proved that the stress in the steel rebars does not exceed the yielding strength. The rebar elements are bonded to the concrete at the nodes so that the strain softening of concrete (i.e. cracking) allows stress transfer from concrete to the steel rebar elements.
At the girder end, the main region of interest, a finer element mesh was used. A finer mesh requires significantly higher computational time but is expected to provide an accurate solution for this inelastic region. None of the models had concrete element side lengths exceeding 1.5in (38 mm) within the inelastic portions of the girders. The element size was gradually increased along the girder length away from the girder end. Symmetry was utilized to downsize the model to a quarter of the full bridge girder to reduce the computational cost.
Observed cracking occurs right after detensioning when there are no service loads on the girder. At the time cracks form, the only applied force in the girder is prestressing transferred from the strands to concrete. Therefore, the loading considered in the FEA models was prestressing. Some manufacturers flame cut strands, which releases the strand immediately and introduces a dynamic load in the prestress release. Dynamic effects at transfer were excluded from the models due to a lack of modeling criteria for the load itself and because girders with flame cut strands (dynamic) exhibited cracks that were nearly identical to girders where slow hydraulic detensioning (static) was used. The stresses created due to changes in temperature were also excluded since the temperature changes are small during the short time of prestress release.
The AASHTO LRFD Bridge Design Specifications 5 , Section C.5.11.4.2, idealizes the prestress strand transfer length as 60 times the strand diameter. This distance is 36in (914mm) for the 0.6in (15mm) diameter strands used in this research. The same provisions state that the stresses in prestressing steel may be assumed to vary linearly from zero at the point where bonding starts to the effective prestress at the end of the transfer length. This implies that the bond stresses are uniformly distributed over the transfer length.
For computational efficiency, prestressing strands were not explicitly modeled. Instead, surfaces were created in concrete at the locations of the strands. The bond stresses were directly applied on the concrete elements over these surfaces. The assumptions of the AASHTO provisions were used to calculate the bond stress. The uniform bond stress for each strand was calculated by dividing the effective prestress force on a strand by the surface area of a strand over the transfer length. The strands were assumed to be circular in cross section.
This approach does not allow modeling of restraint provided by un-cut strands but that limitation was assumed minor in investigating the crack types noted earlier. For models where selected strands are debonded, the bond stresses were set to zero over the unbonded length -assuming rigid debonding sleeves. Any minor stress transfer due to the flexibility of the debonding sleeves was not considered.
Verification of the FEA Models
Measured strain data available in the literature for wide A quantitative correlation is shown in Figure 3 where the stresses in the vertical web (419mm) (data set 1) and 31in (787mm) (data set 2) from the bottom of the girder in various vertical bars along the length of the girder. The FEA model predicts the stresses quite accurately.
GIRDERS SIMULATED FOR THE DEBONDING STUDY
FEA models of standard Wisconsin wide flange girders of 54in (1372mm), 72in
(1829mm), and 82in (2083mm) depths were created. These girders, with slender and efficient cross sections, are used for long span bridges and are similar to standard girders in other states.
Full details for the girders may be found online
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. They are typically heavily prestressed and experience serious cracking.
Girders studied were picked from real bridges. The properties of the girders are summarized in Table 1 . Complete information on the cross sectional dimensions and reinforcement detailing can be found elsewhere 19 . These girders represent the higher end of the span/capacity range with large prestress force, large strand content, and more visible cracking.
The three varying depth girders were first modeled with fully bonded strands. The models were then modified so that approximately 25%, 35% and 50% of the strands at the girder end were debonded. The strand pattern for the cases analyzed is shown in Figure 4 on a cross section at the girder end. Note that debonding some strands at the girder end also allowed a reduction in the number of draped strands necessary to control initial end stresses. The draped strands could be completely eliminated when 50% of the bottom strands were debonded. The debonding was terminated in stages at 15ft (4.57m), and 35ft (10.67m) from the girder end for 25% and 35%
debonding, and at 15ft (4.57m), 25ft (7.62m), and 35ft (10.67m) from the girder end for 50%
debonding.
The AASHTO LRFD Bridge Design Specifications patterns, some of the strand debonding configurations that do not fully comply with the specifications were still studied.
FEA RESULTS ON CRACK CONTROL THROUGH DEBONDING
The analysis results from the girders with fully bonded strands and with some debonded strands were compared to quantify the improvement obtained from each level of debonding. The locations along the girder where debonding is terminated were also checked for cracking.
The effects of strand debonding will be expressed here in terms of the magnitudes and the directions of the principal tensile strains in the concrete. Since the FEA element used to model the concrete did not explicitly crack, but rather simulated the effect of cracking through reduced stiffness and higher strains, the strain amplitude can signal cracking. The plastic portion of the strains in particular is the best indicator for cracking with the selected material model. Figure 5 compare the principal tensile strains in the 54in (1372mm) deep bulb tee girders for models where 0% and 25% of the strands are debonded at the girder end. Similar results were apparent in the other girder depths examined. The contour plots for 72in (1829mm) and 82in (2083mm) deep girders can be found elsewhere 3 . The reduction in principal tensile strains of these girders with debonding is qualitatively presented in the next section.
Contour plots in
The graphical representation in Figure 5 of the strains on the outer surface of the concrete girder near its end suggests that the principal tensile strains in all cracking areas are already reduced considerably when 25% of the strands are not bonded at the girder end. The theoretical cracking strain was calculated using the AASHTO LRFD Bridge Design Specifications 
Quantitative Comparison of the Principal Tensile Strains along the Cracks
In order to evaluate the quantitative effect of debonding on cracking, the principal tensile strains in concrete near the horizontal web, inclined, and Y cracks are plotted in Figures showed that the bottom straight strands alone created tensile strains that are perpendicular to the inclined cracks. The inclined cracks, however, were observed to be primarily triggered as a result of added tensile strains created by the draped strands when the resultant concrete compression strut spreads out. girders. This is likely due to the reduction in the number of draped strands and reduction in tensile strains perpendicular to the compression strut created by the draped strands.
Impact on web cracks: As the number of strands debonded at the girder end increases, the number of expected web cracks and crack opening widths decreased consistently for all the girders. Figures 6-a, 7 -a and 8-a show that 25% and 35% debonding at the girder end will reduce strains causing horizontal web cracking by 50% to 75% respectively. 25% to 35% debonding, however, is not adequate to completely eliminate these cracks. If this is the goal, debonding at least 50% of the strands at the girder end appears to be necessary. 
Impact of the debonded strand pattern
It was found that selecting the pattern of strand debonding, so that the interior strands This behavior is demonstrated by examining the effects of two approaches in debonded strand selection: In Case "A", the strands remaining bonded at the girder end are the ones closer to the exterior sides of the girder and the debonded strands are grouped together. In Case "B", the center strands are bonded and the debonded strands are distributed over the bottom flange.
The two cases and bonded strand patterns are shown in Figure 9 .
The significant difference in the principal tensile strains between girders with Case A and Case B strand distributions are shown in Figure 9 for a 54in (1372mm) For girders in Case B, the resultant principal tensile strains in the bottom flange area were below the theoretical cracking limit (darker gray), meaning Y cracks can be eliminated using proper strand patterns with as little as 25% debonding. When the most interior strands are not present or not bonded in the girder end, due to draping or debonding, a lack of compression in the area makes this part of the bottom flange prone to Y cracking even with debonding.
Locations where Debonding is Terminated
The locations along the girder where debonding was terminated were also modeled with nonlinear properties and checked for cracking. No signs of excessive strains causing cracking were detected at these locations at the selected distances of 15ft (4.57m), 25ft (7.62m) and 35ft whichever is greater, shall have the debonding terminated at any section." If this provision is followed, the number of strands for which debonding is terminated is unlikely to be large enough to carry the cracking problem further into the girder.
FIELD OBSERVATION ON A GIRDER WITH DEBONDING
To verify the findings of the FEA, a 54in (1372mm) deep girder was designed and built with 43% debonding and the cracking pattern was compared to a girder with the same design but with no debonding. The cross sectional properties and reinforcement pattern in bonded and debonded girder ends were the same and are given in standard details
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. The girders with fully bonded strands had 42 strands 8 of which were draped. 43% debonding eliminated the need for draped strands. Debonding of strands was performed by placing debonding sleeves around selected strands so that no significant prestress force is transferred from these strands to concrete.
The principal tensile strains obtained by FEA predicted two web cracks (strain >124με) with 43% debonding as shown in Figure 10 . Figure 11 shows the cracking on girders with and without debonded strands. The girder with debonded strands showed no inclined or Y cracks and only two short web cracks, while the girder with fully bonded strands experienced significant cracking. This result matches the cracking pattern predicted by the FEA study shown in Figure 10 . The locations where the debonding was terminated were observed to be clear of cracks.
SUMMARY AND CONCLUSIONS
Detailed nonlinear finite element analyses of 54in (1372mm), 72in (1829mm) and 82in (2083mm) deep wide flanged or bulb tee precast prestressed concrete bridge girders were conducted. These girders were selected due to their tendency to form significant cracks during detensioning. The impact of debonding some strands at the girder ends on cracking was examined with these heavily prestressed girders. The key findings for the girder sizes examined are summarized as follows.
1. With as low as 25% debonding in heavily prestressed girders, inclined cracking in the webs can be prevented. Debonding eliminates or reduces the number of draped strands needed in addition to having less concentrated force transferred into the concrete. As a result, it was observed that the principal tensile strains in the upper web area were reduced below the theoretical cracking limit.
2. Although a 50% to 70% decrease in vertical concrete tension strains in the web of the girder at the ends was possible with debonding ratios of 25% to 35%, the web cracks are likely to still occur but be fewer in number and with narrower widths. To be able to completely eliminate web cracking in heavily prestressed 54in (1372mm), 72in
(1829mm), and 82in (2083mm) deep girders, 50% or more debonding is necessary.
3. Principal tensile strains in the most critical Y cracking region of the bottom flange were reduced below the theoretical cracking limit by strategically debonding as few as 25% of the strands for all the girder sizes. It was observed that the strand pattern is more important than the number of strands debonded in controlling these cracks.
4. At locations where debonding is terminated, cracking is unlikely to occur as long as these locations were well spaced, at least a transfer length apart from each other.
DESIGN RECOMMENDATIONS
Debonding of prestressing strand should be used at girder ends to control cracking created by the prestress transfer forces rather than relying on reinforcing. Reinforcing can help control crack sizes, but will not eliminate cracking. Given that the shear capacity is carefully checked with the reduced prestress at the girder ends, debonding is an appealing answer to the cracking problem. A higher amount of debonding could be used to provide full control of the concrete cracking. Debonding 50% of the strands at the end should be used when elimination of all cracking is desired. On the other hand, web cracks are considered to be less harmful since they are not located close to strands and are likely to close under service loads. Less debonding will be preferred in most cases. Tables:   Table 1 -Properties of the girders modeled. 
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